The paper explains the need for C.I.T. sensors; describes the operation of the various types of C.I.T. sensors that have been developed; and discusses the design characteristics of these sensors.
C. I. T. Sensors A Design Evolution

ALVIN B. DUGAR
Air serves a twofold purpose in gas turbine engines. It is used both for combustion and cooling. However, the weight of air available for the engine processes is greatly affected by the air temperature. As its temperature increases, air becomes less dense. Therefore, the mass flow of a fixed volume of air through an engine varies with the temperature of the air entering the engine.
An engine at 100 percent speed on a hot day may be ingesting the same mass flow of air as it would be at 80 percent speed on a cold day. As far as performance and efficiency of the engine are concerned, the effective speed of the engine on this hot day is 80 percent. It is this effective speed or corrected speed with which the compressor inlet temperature sensing and controlling systems are concerned. In other words, compressor inlet temperature (C.I.T.) is one indication of the mass flow of air through the engine.
On engines which have variable compressor geometry, an rpm signal biased by the C.I.T. signal can provide required stator scheduling. Required acceleration fuel flow can be scheduled by sensing a C.I.T. biased rpm signal plus compressor discharge pressure which, combined, give a measurement of the mass flow of air through the engine.
BIMETAL SENSOR
One of the simplest types of C.I.T. Sensor can be developed from a bimetal strip. The deflection of the bimetal or output, which is proportional to compressor inlet temperature, may be used directly as shown in Fig.l or as part of a force balance system as shown in Fig.2 .
As shown in Fig.l , the output is applied to a valve so as to mechanically operate a servo mechanism. Fig.2 shows the force balance system generating a regulated pressure which is proportional to compressor inlet temperature. This regulated pressure, then, can be used to operate a servo mechanism.
• • •
1 Bimetal strip 2 Output schedule The bimetal feedback piston movement is also proportional to compressor inlet temperature and it can be used to directly operate another mechanism.
The compressor inlet air must be directed against the bimetal, so the device must be located near the compressor inlet, rather than remotely located.
The advantages of the bimetal sensor are its simplicity, low cost, small size, and light weight However, there is some sacrifice in accuracy due to the small deflections per degree Fahrenheit. The response to temperature changes can be varied by selection of the bimetal material and control of the system mass.
The choice of bimetal material will depend to some extent on the range of compressor inlet temperature anticipated. However, the bimetal material choices available will cover a range of temperatures up to 800 F.
LIQUID EXPANSION ASPIRATED SENSOR
Another simple C.I.T. Sensor is the liquid expansion aspirated type as shown in Fig.3 .
In this design a bellows is used directly to sense the compressor inlet temperature. Inlet air is drawn past the sensor by means of an aspirator. The output of the bellows is proportional to compressor inlet temperature and can be applied me- chanically to a servo mechanism device. Although the aspirator will allow the bellows to be somewhat removed from the compressor inlet, this location usually results in less design freedom and has the additional handicap of its components absorbing heat from the compressor inlet air. An asset of the liquid filled bellows is the high force level of its output.
C.I.T. Sensing Coil
It presents no problem to design a sensor which is remotely located from the compressor inlet. This can be accomplished by adding a sensing coil, which is located in the compressor inlet, and a capillary tube to transfer the liquid displaced from the sensing coil to the controlmounted sensing bellows. Fig.4 shows a typical sensing coil.
LIQUID EXPANSION UNCOMPENSATED SENSOR
A schematic presentation of this design is shown in Fig.5 . The position of the bellows free end is determined by the expansion or contraction of the fluid in the sensing coil. The fluid is transferred through the capillary tube to the sensing bellows. The position of the bellows end is proportional to the compressor inlet temperature.
However, with this design another problem is encountered. As the ambient temperature around the sensing bellows changes, so does the volume in the bellows and, therefore, the bellows output. In some applications this error is quite small and it can be ignored.
Accuracies of within 4 F are common with this type of sensor. A typical respon s e time (63.2 percent of the change) would be in the order of 16 sec when the air flow is 7 lb/sec per sq ft. The simplicity of the design results in low cost and weight with good reliability.
LIQUID EXPANSION COMPENSATED SENSOR
As previously mentioned, with a single bellows design, the sensing bellows also acts as an ambient temperature sensor. As ambient temperature ranges increase, the error introduced by the uncompensated bellows becomes intolerable. This condition can be overcome by adding another bellows to nullify the change in volume of the sensing bellows. Fig.6 is a schematic presentation of this design, in which the output schedule is positioned mechanically by the expansion or contraction of the fluid in the sensing coil. This fluid is transferred to or from the sensing bellows through the capillary tube, resulting in the positioning of the output lever. Therefore, the position of the output lever is proportional to compressor inlet temperature.
Ambient temperature changes in the sensor body and capillary tubes are approximately compensated by the compensating bellows. This bellows has the same fluid volume as the sensing bellows with compressor inlet temperature at a specified value. With the volume equal in both bellows, the expansion rate is the same and any movement of the output lever, caused by the expansion of fluid in the sensing bellows, is nullified by the expansion of the compensation bellows.
The operating range of this type of C.I.T. sensor is only limited by the freezing point of fluid in the cold direction and vapor pressure in the increased temperature direction. A 450 F temperature range with an accuracy within ± 4 F is common with this type of sensor. A typical time constant would be 10 sec when the air flow is 7 lb/sec per sq ft.
Although this design is simple and reliable, there are many moving parts because of its mechanical output and feedback. Of course, this adds to the weight and cost of the design.
GAS EXPANSION SENSOR
As mentioned previously, the temperature range of the liquid-filled C.I.T. sensors are restricted by the vapor pressure characteristics of the liquid used. To achieve high temperature ranges, an inert gas may be used to charge the sensing coil. This type of sensor is designated as the gas expansion type. Fig.7 shows a typical design of a gas expansion sensor. The output of this design is hydraulic, that is, a regulated pressure. The sensing coil is filled at a constant volume. Since the volume is constant, the gas pressure is proportional to absolute temperature. The gas pressure acts on the inside of the sensing bellows and produces a force proportional to C.I.T. On the other side of the lever is the pressure regulating valve with fluid being supplied through an orifice and the feedback bellows. The moment developed at the sensing bellows end is balanced by the moment produced by the feedback bellows (regulated pressure times bellows area) and the regulating valve (regulated pressure times valve area). The regulated pressure is proportional to C.I.T. The regulated pressure may be used appropriately in the main fuel control. An innovation of this design is to apply the force developed at the end of the lever directly to a servo mechanism in the main fuel control with the feedback being applied mechanically to replace the feedback bellows.
The operating range of the gas expansion type may go from -100 F to as high as 1000 F. The materials used in the fabrication of the sensor become the limiting factor. An accuracy of less than 1 percent of absolute temperature is possible with this type of sensor. The time constant of this type of sensor can be made as fast as a fraction of a second by proper probe design.
Even though this design, basically, is quite simple in concept and has few parts, the fabrication costs are high. However, it can be packaged in a rather small volume and is light weight.
RESISTANCE THERMOMETER
For electric control systems, a resistance thermometer may be used for compressor inlet temperature sensing. The principle applied in this design is that the resistance of pure metal wire is proportional to its change in temperature. The resistance increases with an increase in temperature. Pure platinum in a fully annealed and strain-free state has a resistance to temperature relationship which is especially stable and reproducible. Pure nickel may also be used. It is essential to maintain high purity during the wire drawing operation. The installation of the wire is also critical. It must be adequately supported to prevent thermal strain caused by differential expansion and momentary strain caused by vibration or shock.
The Wheatstone bridge principle is used to measure the resistance of the sensing wire with the amplified voltage output used directly as a biasing signal.
With the resistance temperature sensor, a relatively high voltage output can be obtained, and it has the ability to measure temperature very accurately.
It can measure temperatures from -435 F to +1500 F for continuous service and up to Coanda effect. The Coanda effect is so pronounced that a fluid stream will deflect through a large angle in order to follow a surface. Fig.8 is a schematic drawing illustrating a bistable amplifier. 2 Assume the flow of a fluid stream down leg A, and out port 5. The flow will continue in this manner until fluid is forced through control port 3 with sufficient strength to detach the stream and deflect it down leg B and out port /J. Once it is deflected to leg B, the fluid will adhere to its wall and will continue out port 4 until it is switched by applying fluid through control port 2. Two important aspects of this amplifier should be emphasized. First, the flow, when switched to a given channel will continue in that channel even after the switching pulse is removed. It is said to have "memory." Second, this device has high gain because the control flow required to cause switching is small when compared to the stream flow.
Fluidic Oscillator Fig.9 shows the bistable amplifier with the control narts connected by a sensing tube. Now, when a pressure source supplies flow to port 1 a sonic pulse will start to propagate back and forth along the tube and into the control ports. The pulse will cause the main stream for port 1 to switch alternately between the legs going to output ports 4 and 5. The frequency of this switching will depend ideally upon the total length of passage along the tube connecting ports 2 and 3 and the sonic velocity of the pulse. The sonic velocity is proportional to absolute temperature. Therefore, the frequency is proportional to absolute temperature. This sensing device is known as a "control-to-control-port fluidic oscillator." Frequency is converted to a proportional signal using all fluidic techniques.
ADVANTAGES OF FLUIDIC DEVICES
Some of the advantages of fluidic devices Bistable Fluid Amplifier A basic member of the fluid amplifier family is the bistable fluid amplifier. It operates much as a fluid relay because fluid can be made to flow out of one or the other of two output channels by the application of a fluid switching signal.
Bistable amplifier operation is derived by the tendency of a fluid stream to adhere to a nearby surface. This phenomena is called the are:
1 Low cost because of simplicity and lack of moving parts.
2 Reliability.
3 Operation in extreme environmental conditions; high temperature, radiation, shock. 4 As temperature sensors they have better response and are more accurate for measurement of hot gas flows. 5 They are not affected by acoustic noise of the engine.
6 Ease of maintainability. 7 As a control system, the ability to operate closed loop.
Fluidic techniques probably will never be applied in compressor inlet temperature sensor design. Instead, fluidics will probably be most beneficially applied in advanced control systems for future jet engines where the environmental conditions are severe and control requirements are so exacting that compressor inlet temperature will be inadequate as a bias for the limiting function. It appears that optimum benefit cannot be derived from fluidic devices unless they are employed in complete fluidic systems.
As the development of jet engine control systems continue, the sensing of compressor inlet temperature may be superseded by the sensing of turbine inlet temperature (T 4 ) as a means to regulating engine fuel flow and variable geometry. T4 is considered to be the best acceleration control parameter. However, sensing T4 requires advanced temperature sensing devices that exhibit fast response and can tolerate temperatures in excess of 2000 F.
Until more advanced sensors are developed which will improve the performance, cost and reliability of the present hardware, tried and proven techniques and principles will continue to be used,
